Oxidative phosphorylation (OXPHOS) is vital for the regeneration of the vast majority of ATP in eukaryotic cells 1 . OXPHOS is carried out by large multi-subunit protein complexes in the cristae membranes, which are invaginations of the mitochondrial inner membrane. The OXPHOS complexes are a mix of subunits encoded in the nuclear and mitochondrial genomes. Thus, the assembly of these dual-origin complexes is an enormous logistical challenge for the cell. Using super-resolution microscopy (nanoscopy) and quantitative cryo-immunogold electron microscopy, we determined where specific transcripts are translated and where distinct assembly steps of the dual-origin complexes in the yeast Saccharomyces cerevisiae occur. Our data indicate that the mitochondrially encoded proteins of complex III and complex IV are preferentially inserted in different sites of the inner membrane than those of complex V. We further demonstrate that the early, but not the late, assembly steps of complex III and complex IV occur preferentially in the inner boundary membrane. By contrast, all steps of complex V assembly occur mainly in the cristae membranes. Thus, OXPHOS complex assembly is spatially well orchestrated, probably representing an unappreciated regulatory layer in mitochondrial biogenesis.
. While a picture begins to emerge on how mitochondrial and nuclear gene expression are synchronized 8, 9 , it remains largely unexplored how the assembly of the nuclear-encoded proteins with the mitochondrially encoded proteins is spatially organized in the highly convoluted inner membrane.
We first analysed how newly imported nuclear-encoded subunits of the OXPHOS system are distributed throughout the mitochondrial network. In the yeast Saccharomyces cerevisiae, we genomically tagged ATP4, which encodes a subunit of the stator stalk of the F 1 F O -ATP synthase (complex V) with a HaloTag. We performed electroporation-mediated labelling 10 with the orange fluorescent HaloTag tetramethylrhodamine (TMR) ligand to saturate the binding of the dye to the Atp4-Halo proteins (Fig. 1a) . After a growth period of 1 hour, the cells were labelled with the green fluorescent HaloTag R110 ligand to mark the newly synthesized Atp4-Halo proteins. After 45 minutes of incubation, many cells (> 80%) exhibited mitochondria labelled with both dyes. We found the green fluorescence signal to co-localize with the orange fluorescence signal and did not observe an accumulation of HaloTag R110 in discrete spots. Thus, we conclude that newly imported nuclear-encoded Atp4-Halo proteins do not accumulate at just a few hotspots within the mitochondrial network.
To investigate the distribution of proteins that mediate OXPHOS assembly along mitochondrial tubules, we performed stimulated emission depletion (STED) nanoscopy 11 . As expected, STED images from cells expressing mitochondrial-targeted green fluorescent protein (mtGFP) revealed a homogenous, non-clustered distribution of mtGFP ( Fig. 1b and Supplementary Fig. 1 ). Proteins that catalyse specific steps in the biogenesis of complexes III (cytochrome bc 1 complex), IV (cytochrome c oxidase) and V, namely Cbp3, Coa1 and Atp25, respectively, ( Fig. 1b and Supplementary Fig. 1a -c) were found to localize in densely scattered clusters along the length of the mitochondrial tubules. Their distributions were similar to those of Atp4 and Mic60, which mark the CM and the cristae junctions, respectively 6, 12 ( Fig. 1b and Supplementary Fig. 1e ,f). Together, this suggests that the processes that mediate OXPHOS complex assembly are rather homogenously distributed across the mitochondrial network.
We next asked whether this finding is consistent with the idea that OXPHOS complex assembly is taking place preferentially in developing and therefore small cristae. Indeed, electron micrographs of sliced yeast cells seem to suggest the existence of a large number of small cristae, as in most cryosections, numerous short CM fragments are visible (Fig. 2a) . To investigate whether these short membrane fragments represent small cristae or whether they belong to larger cristae that are not visible because they are not part of the recorded section, we performed focused ion beam milling combined with scanning electron microscopy (FIB-SEM) ( Fig. 2b and Supplementary Video 1). We created three-dimensional (3D) reconstructions of the innermembrane architecture of the mitochondrial network of wild-type yeast cells (Fig. 2c) . The CMs in galactose-grown cells are of relatively uniform size. When taking the largest contour length of a cristae in a 2D section as a measure of its size, < 7% of all cristae were smaller than 50% of the median ( Supplementary Fig. 2a-c) . We regarded these cristae as 'small'. Of all the CMs seen in the 3D reconstructions, < 3% belonged to 'small' cristae ( Supplementary Fig. 2d,e) . Hence, the majority (> 95%) of all CM fragments visible on single sections can be assigned to larger, generally sheet-like cristae (Fig. 2d,e) . We conclude that transmission electron microscopy of single sections may lead to erroneously high estimates of the number of small cristae.
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The observation that the vast majority of the inner-membrane fragments seen in single sections either belong to the IBM or to the CM of large cristae allowed us to ask how the insertion sites of the mitochondrial-encoded proteins and the different OXPHOS assembly steps are distributed between the CM and the IBM. Thus, we relied on quantitative immuno-electron microscopy of cryosectioned cells [13] [14] [15] , which combines superb structural preservation with the ability to precisely localize proteins after antibody decoration of the sections. To determine the sub-mitochondrial localizations of distinct OXPHOS assembly steps, we were guided by the wealth of information on this process from biochemical and genetic studies in budding yeast 7, [16] [17] [18] . Intriguingly, proteins have been identified that are specific for the translation of a particular mitochondrially encoded mRNA or that mediate a particular step of the assembly cascade of one of the OXPHOS complexes (Supplementary Table 1) ; the localization of these proteins was used as a proxy for the respective process. We genomically tagged a subset of these proteins with GFP, which allowed us to determine the localization of the different fusion proteins on ultrathin cryosections by using the same antiserum against GFP. For this analysis, only yeast strains that expressed full-length fusion proteins and that respired normally were used ( Supplementary Figs. 3 and 4) .
Budding yeast has four OXPHOS complexes (complexes II-V) (Fig. 3a) . Of these, complexes III, IV and V are of dual genetic origin. For all experiments, cells were grown in galactose medium and we carefully monitored the growth rate to analyse only cells in the logarithmic growth phase. Under these conditions, the IBM and the CM have the same length 5, 14, 15 . We found that Cor1, Cox2 and Atp4, which are core subunits of complexes III, IV and V, respectively, are enriched in the CM to 69%, 65% and 86%, respectively (Fig. 3b) , corroborating previous reports [4] [5] [6] . Mrpl4 and Mrp20, two proteins of the large mitoribosome subunit, were also enriched in the CM (Mrpl4: IBM/CM: 33/67; Mrp20: IBM/ CM: 31/69) (Fig. 3b) . As biochemical evidence points to a permanent tethering of yeast mitoribosomes to the mitochondrial inner membrane 19, 20 , we conclude that, under steady-state conditions, the mature complexes III-V and the mitoribosomes are enriched in the CM.
Cytochrome b (Cob) is the only mitochondrially encoded subunit of complex III (Fig. 3c) . It is a highly hydrophobic protein with eight transmembrane segments. Cbs2 is a Cob-specific translational activator that binds to the 5′ untranslated region of the COB mRNA, the mitochondrial ribosome, and stays in contact with the mitochondrial inner membrane during translation 21, 22 . Thus, the localization of Cbs2 can be used as a proxy to determine the sub-mitochondrial distribution of mitoribosomes translating COB mRNA. Using quantitative immuno-electron microscopy, we found that Cbs2 is slightly enriched in the IBM (Cbs2: IBM/CM: 54/46) (Fig. 3d) . Hence, those mitoribosomes that are translating the COB mRNA have a spatial distribution profile that differs from the overall mitoribosomes that are enriched in the CM (Fig. 3b) .
The proteins Cbp3 and Cbp6 succeed Cbs2 in the assembly cascade of complex III. As a complex, Cbp3-Cbp6 binds to Cobsynthesizing ribosomes at the polypeptide exit tunnel to promote efficient translation of the COB mRNA. In addition, Cbp3-Cbp6 binds to the newly synthesized Cob to form together with the assembly factor Cbp4 the early-assembly intermediate I 23, 24 . Subsequently, Qcr7 and Qcr8 are added to Cob to form intermediate II, which provokes the release of Cbp3-Cbp6, whereas Cbp4 remains bound until it is released to allow further assembly 24, 25 . Consequently, Cbp3 and Cbp6 are markers for the early assembly of complex III, whereas Cbp4 marks the early-to-mid-assembly phase.
We found that Cbp3 and Cbp6 are more enriched in the IBM (Cbp3: IBM/CM: 69/31; Cbp6: IBM/CM: 63/37) than the COBtranslating mitoribosomes. Cbp4 is already less enriched in the IBM (Cbp4: IBM/CM: 53/47). The last step of complex III assembly is the integration of the nuclear-encoded Rip1 (Rieske 2Fe-2S protein), thus generating the mature bc 1 complex. This step is facilitated by Bcs1 (refs 26, 27 ). We found that, in contrast to the factors mediating the early-assembly steps, Bcs1 is enriched in the CM (Bcs1: IBM/ CM: 43/57). Still, late assembly is not as strongly enriched in the CM as the mature complex III (Cor1: IBM/CM: 31/69). Together, our findings show a distinct distribution of the different assembly steps of complex III, with early assembly exhibiting the most prominent enrichment at the IBM.
To further verify the preferential localization of intermediate I in the IBM, we determined its localization in knockout strains impaired in the assembly of complex III. As a proxy for the localization of intermediate I, we used Cbp3 (Cbp3: IBM/CM: 69/31), which is mainly found in intermediate I 24 . Cbp1 and Cbp4 are both required for the proper assembly of intermediate I 23 . We found that in Δcbp1-and Δcbp4-knockout cells, the accumulation of Cbp3 in the IBM is abrogated (Δcbp1, Cbp3: IBM/CM: 46/54; Δcbp4, Cbp3: IBM/CM: 51/49) (Fig. 3e) (Fig. 3e) . Hence, only mitochondria impaired in 
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Next, we focused on complex IV. Complex IV has three mitochondrially encoded subunits (Cox1, Cox2 and Cox3) that together form a membrane-spanning core that is surrounded by eight nuclear-encoded proteins 28 ( Fig. 4a ). Pet309 and Pet122 are translational activators for Cox1 and Cox3, respectively 29, 30 . We found that the localizations of both translational activators are shifted toward the IBM compared to the average mitoribosome population (Pet309: IBM/CM: 49/51; Pet122: IBM/CM: 50/50) (Fig. 4b ). This suggests that the mitochondrially encoded subunits of complex IV are also synthesized with a spatial distribution profile that is different from the overall mitoribosome distribution.
Mss51 has a dual role as it is involved in translational activation and early assembly of Cox1 (ref. Similar to what we observed for complex III, also in the case of complex IV, synthesis of the mitochondrial-encoded subunits is shifted towards the IBM compared to the overall mitoribosome population; the early-assembly steps are predominantly taking place in the IBM, whereas late assembly is preferentially occurring in the CM. We found that in a Δsco1 strain, which is stalled in complex IV assembly, the IBM enrichment of the early-assembly factor Cox20, required for Cox2 maturation, is lost (Δsco1, Cox20: IBM/CM: 47/53) (Fig. 4b ). This finding is similar to our findings in mutants stalled in the early steps of complex III assembly (Fig. 3e) , underscoring the similarity of the spatial distribution profiles of the assembly of these two OXPHOS complexes.
Complex V differs from complex III and complex IV, as it is a composite of structurally and functionally different modules. The assembly of mature F 1 F O -ATP synthase monomers requires the assembly of at least three different pre-assembled units: the F1 sector, the Atp9 ring and the Atp6-Atp8-stator subcomplex 32 . In the mature complex V, the F O sector is embedded in the inner membrane, whereas the catalytic F 1 sector projects into the matrix (Fig. 5a ). All three hydrophobic core subunits of the F O particle (Atp6, Atp8 and Atp9) are encoded by the mitochondrial DNA 7 . We found that Atp22, a translational activator of the ATP6 mRNA 33 and the carboxy-terminal fragment of Atp25, which is required for ATP9 mRNA stability and/ or translation 7, 34, 35 , are enriched in the CM (Atp22: IBM/CM: 35/65; Atp25: IBM/CM: 35/65) (Fig. 5b) . We conclude that the mitochondrial-encoded proteins of complex V are preferentially inserted in the CM, which is in contrast to the situation in complexes III and IV. Acting further downstream, the assembly factor Atp10 facilitates the generation of the Atp6/Atp8 unit 32 that presumably serves as an assembly platform for the peripheral stalk and the F 1 sector 36 . Atp10 is even more strongly enriched in the CM (Atp10: IBM/CM: 27/73). The final step of complex V assembly is the subsequent joining with the Atp9 ring followed by the release and recycling of the assembly factors. Dimerization of F 1 F O -ATP synthase monomers is mediated by the sequential integration of the nuclear-encoded subunits Atp19, Atp20 and Atp21. It is likely that these late-assembly steps also occur in the CM, because the final mature complex V is strongly enriched in the CM (Atp4: IBM/CM: 14/86) (Fig. 5b) .
In this study, we found that the spatial distributions of complex III and complex IV assembly are remarkably similar (Fig. 5c) . Production of the mitochondrial-encoded subunits is distributed rather evenly between the IBM and the CM, whereas the earlyassembly steps occur preferentially in the IBM. The late-assembly The encircled CMs correspond to the coloured cristae in panel d. Note that sections (I) and (III) seem to indicate particularly small CM fragments, whereas the reconstruction shows that these small membrane fragments belong to large cristae. This demonstrates that the size of a CM fragment in a two-dimensional (2D) section cannot be used to estimate the size of the corresponding cristae. The vast majority of all CM fragments seen in 2D sections belong to large cristae ( Supplementary Fig. 2 ). Shown is the 3D reconstruction of the mitochondria of one randomly selected yeast cell. We recorded one FIB-SEM stack containing several dozen yeast cells and reconstructed the mitochondrial membranes out of three cells, all displaying similar ultrastructures. Scale bars, 100 nm (a), 500 nm (b), 1 µ m (c), 100 nm (d) and 200 nm (e).
NATUre Cell BIOlOgY processes are enriched in the CM. By contrast, synthesis of the mitochondrial-encoded subunits of complex V, as well as the entire assembly of this complex, seems to occur preferentially in the CM (Fig. 5c ). We also found that different translational activators have different spatial distributions within the mitochondrial inner membrane, an observation that suggests the existence of transcript-specific mitoribosome subpopulations with different localizations 37 .
The factors that determine the localization of mitoribosomes in the 
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IBM are not known and may represent an additional layer for the regulation of mitochondrial function and inner architecture. Neither the mitoribosomes nor any of the proteins that mediate a specific step of the assembly of the OXPHOS complexes exhibited an exclusive localization either in the IBM or the CM. Several factors probably influence the specific sub-mitochondrial localization of different OXPHOS assembly steps. In the case of complex III and complex IV, assembly intermediates need to move in and out of the CM. Intriguingly, such mobility has been reported previously for the mitochondrial inner-membrane insertase Oxa1, as the availability of substrates influences its localization 15 . A related mechanism might determine the preferential localization of early assembly of complex III and complex IV in the IBM, as these steps involve the integration of nuclear-encoded membrane proteins, such as Qcr8 (complex III) and Cox5a (complex IV).
This concept predicts mobile assembly intermediates. As the mitochondrial inner membrane has an exceptional high-protein content, the molecular competition for space in the membrane might also influence the distribution of these intermediates. Indeed, the sheer size of mature complexes probably hinders unrestricted movement of these complexes through the highly bended membrane at the cristae junctions, presumably trapping these complexes in the CM. This is in line with single-molecule tracking data indicating that the OXPHOS complexes largely remain within established cristae 6 . Taken together, this study demonstrates that mitochondrial translation and OXPHOS assembly are spatially well orchestrated within the inner membrane. We propose that the spatial partitioning of mitochondrial translation and assembly represents a cellular leverage to modulate OXPHOS assembly and therefore mitochondrial function and architecture.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41556-018-0090-7.
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Methods Plasmids, yeast strains, growth media and viability analysis. GFP-Cbp4 and Pnt1-GFP were expressed from centromeric plasmids under the control of the respective endogenous promotors. For the expression of GFP-Cbp4, we modified the yeast expression vector pUG36. The final vector carries the endogenous CBP4 promoter followed by the mitochondrial import sequence of subunit 9 (1-69) of the Neurospora crassa F 1 F O -ATP synthase, followed by GFP and the CBP4 open reading frame. The CBP4 gene was deleted in a W303 wild-type strain, and the Δcbp4 strain was transformed with the plasmid pGFP-CBP4. For the expression of Pnt1-GFP, we modified the yeast expression vector pUG36. The final vector carries the endogenous PNT1 promoter followed by the PNT1 open reading frame and GFP. Finally, a Δpnt1 strain (BY4741; KO collection YSC1053, Open Biosystems) was transfected with the plasmid pPNT1-GFP.
For the investigation of the sub-mitochondrial distribution of Cox18, a GFP fusion strain taken from the Yeast GFP Clone Collection (BY4741; 95702, Invitrogen) was used.
All other yeast strains used in this study were isogenic to the wild-type strain W303. Genomic tagging was performed essentially as described previously 4, 38 . In brief, PCR fragments for homologous recombination facilitating gene tagging with the GFP-coding sequence were generated by producing a PCR product containing a HIS3 cassette as the selection marker on the plasmid pYM28-spacer-TEV-GFP. For primers, see Supplementary Table 3 . The plasmid pYM28-spacer-TEV-GFP was generated by introducing a TEV protease-specific cleavage site between the linker and the EGFP sequence in pYM28 (ref. 39 ). Genomic knockouts were generated by homologous recombination using PCR products carrying a KanMX cassette as the selection marker. As templates for the PCR reactions, genomic DNA isolated from yeast strains of the Yeast Knockout MATa Clone Collection (YSC1053, Open Biosystems/Dharmacon) was used. For primers, see Supplementary Table 3 . Knockouts were generated as described previously 4 . To determine the viability of the generated strains on fermentable and non-fermentable carbon sources, tenfold serial dilutions of logarithmically growing yeast cultures were spotted onto plates containing the carbon sources for fermentable (glucose) or non-fermentable (glycerol, or ethanol and glycerol) growth. Growth was analysed after incubation for 4 days at 30 °C.
Cells were cultivated according to standard protocols at 30 °C in liquid media or on agar plates containing 2% (w/v) glucose, 2% (w/v) galactose, 2% (w/v) glycerol or 2% (v/v) ethanol and 3% (w/v) glycerol.
Preparation of whole-cell extracts and western blot analysis. Logarithmically growing yeast cells were harvested by centrifugation and incubated in lysis buffer (2 M NaOH; 5% (v/v) β -mercaptoethanol, 20 mM EDTA, 20 mM phenylmethylsulfonyl fluoride and protease inhibitors (Complete Protease Inhibitor Cocktail, Roche)) for 20 min on ice. Subsequently, proteins were precipitated by trichloroacetic acid and separated from soluble components by centrifugation (16,000g). Pellets were neutralized by TBE buffer (100 mM Tris, 100 mM boric acid and 2 mM EDTA, pH 8.3), resuspended in PAGE sample buffer and incubated at 95 °C for 5 min. Subsequently, cell extracts were analysed by immunoblotting using a GFP-specific antiserum (abcam; diluted 1:3,000 in blocking buffer). As loading control, porin-specific antiserum (abcam; diluted 1:3,000 in blocking buffer) was used. All antibodies used in this study are described in Supplementary Table 2 .
Pulse-chase labelling and in vivo fluorescence microscopy. HaloTag labelling of yeast cells expressing Atp4-HaloTag fusion proteins was performed as described previously 10 . In brief, logarithmically growing yeast cells (grown in YP-Gal liquid medium) were pelleted and washed with water followed by electroporation labelling (1,000 V, 800 Ω , 25 µ F) using HaloTag TMR Direct Ligand G2991 (Promega) with a final concentration of 125 nM. After recovery in growth medium for 1 h, the cells were pelleted, washed again with water and then the second electroporation labelling was performed using HaloTag R110 Direct Ligand G3221 (Promega) with a final concentration of 125 nM. Subsequently, the cells were imaged at different time points using a confocal microscope (TCS SP8, Leica Microsystems). Besides contrast stretching, no further image processing was performed.
Immunofluorescence labelling and STED nanoscopy. Yeast cells expressing GFPtagged proteins were grown in medium containing galactose as the sole carbon source to early exponential growth phase (optical density at 600 nm (OD 600 ) = 0.4-0.7). After fixation with 3.7% formaldehyde in growth medium (at room temperature for 20 min), cells were harvested by centrifugation (800g for 3 min) and washed in PBS/sorbitol (137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 and 10% (w/v) sorbitol, pH 7). Next, the yeast cell wall was removed by zymolyase digestion (15 min at 30 °C). After washing in PBS/sorbitol, binding of the cells to the surface of a poly-l-lysine-coated cover slip (at room temperature for 30 min) and blocking (at room temperature for 60 min; 2% (w/v) BSA, 0.4% (w/v) SDS and 0.1% (v/v) Tween20 in PBS/sorbitol), GFP-tagged proteins were detected using primary rabbit antibodies against GFP (abcam; diluted 1:200 in blocking buffer) (at room temperature for 1 h). The primary antibodies were then decorated using secondary goat anti-rabbit antibodies (Jackson ImmunoResearch) labelled with the dye StarRed (Abberior) (at room temperature for 1 h).
After several washing steps in blocking solution and sorbitol in PBS, cells were mounted in Mowiol containing DABCO.
STED nanoscopy was performed using a 775-nm STED microscope (Abberior Instruments) equipped with a Katana-08 HP Laser (Onefive GmbH), utilizing a pixel size of 15 nm. Besides contrast stretching, no image processing was applied. All antibodies used in this study are described in Supplementary Table 2 .
Potassium permanganate fixation and FIB-SEM. S. cerevisiae cells were grown at 30 °C in liquid medium containing 2% (w/v) galactose to OD 600 = 0.4-0.7. The cells were harvested by centrifugation and fixed using 2% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 for 30 min. After pelleting, the sample was postfixed using 1.5% KMnO 4 at room temperature for 2 h. Cells were washed three times with distilled water. The final pellet was resuspended in 2% agarose. Small agarose blocks were prepared, stained with 1% uranyl acetate, and dehydrated consecutively by increasing ethanol concentrations and finally embedded in Agar 100 resin.
For FIB-SEM imaging, embedded cells were mounted on aluminium SEM stubs (diameter: 12 mm) and samples were coated with ~8 nm of Platinum (Q150T ES, Quorum). FIB-SEM imaging was performed using a Zeiss Crossbeam 540 System with Atlas5 software. The FIB was set to remove 5-nm sections by propelling gallium ions at the surface (probe current: 700 pA). Imaging was done at 1.5 kV and 600 pA using an ESB (back-scattered electron) detector, with the ESB grid set at -1,200 V. Segmentation of the resulting data set was done by semi-automatic line tracing, utilizing the software package IMOD (http://bio3d.colorado.edu/imod/).
Cryo-immunogold electron microscopy and data analysis. Yeast cells were grown at 30 °C in liquid media containing 2% (w/v) galactose to OD 600 = 0.4-0.7. Ultrathin sections (80 nm) were generated according to the Tokuyasu method, as detailed elsewhere 13, 16 . In brief, the yeast cells were chemically fixed by mixing one volume of the yeast culture with one volume of 4% (w/v) formaldehyde (pre-warmed to 37 °C) and incubated at room temperature for 30 min. Subsequently, several postfixation steps were performed, starting with an overnight incubation in 2% (w/v) formaldehyde (in PBS), followed by 2 h of incubation with 4% (w/v) formaldehyde and 0.2% (w/v) glutaraldehyde (both steps were performed on ice). Next, the cells were washed two times with PBS and 0.02% (w/v) glycine and finally embedded in 12% (w/v) gelatin. After cooling on ice, the gelatin-embedded cells were cut into small blocks and infused with 2.1 M sucrose. After an overnight incubation, the blocks were washed in 2.3 M sucrose and 0.02% (w/v) glycine, mounted on metal pins and frozen in liquid nitrogen. Utilizing an ultra-cryomicrotome (Leica Microsystems) equipped with a diamond knife (Diatome), ultrathin sections (80 nm) were prepared.
The cryosections were incubated with GFP-specific polyclonal antiserum (Abcam; dilution 1:200) or polyclonal antisera against Cor1 (dilution 1:30) or Cox2 (dilution 1:30) for 20 min, followed by five washing steps for three minutes in TBS 0.5% (w/v) BSA, followed by incubation with Protein A-Gold (10 nm; G. Posthuma, Utrecht University, The Netherlands) for 20 min. Thereafter, the cryosections were thoroughly washed (five times for 3 min in TBS/0.5% (w/v) BSA; five times for 3 min in TBS), contrasted with uranyl acetate/methyl cellulose for 10 min on ice, embedded in the same solution and subsequently imaged with an electron microscope (CM120, Philips).
To quantify the distribution of proteins between the CM and the IBM, we followed established protocols 5, 14, 15 . To this end, the distance between each gold particle and the IBM was manually measured on the electron microscopy images. Particles with a distance of ≤ 20 nm from the IBM were assigned to the IBM, whereas particles residing within the mitochondria and with distances of > 20 nm from the IBM were assigned to the CM. All antibodies used in this study are described in Supplementary Table 2 .
Statistics and reproducibility. All light microscopy and STED nanoscopy experiments were repeated at least three times with similar results. We recorded one FIB-SEM stack containing several dozen yeast cells and we reconstructed mitochondrial membranes out of three cells, all displaying similar ultrastructures. For each analysed protein localization, at least three individual electron microscopy slices were decorated and analysed. At least 100 gold particles were assigned to the CM or the IBM for each protein localization reported. All attempts of replication were successful and gave similar results. No data were omitted from this study. All western blots were repeated at least two times with similar results. All growth tests were repeated at least two times with similar results. Further details on sample sizes and reproducibility are in the figure legends. The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
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Data collection
The Zeiss Crossbeam 540 system was controlled by Atlas5 software. The STED microscope was controlled by Imspector software.
Data analysis
Immuno-EM micrographs were analyzed manually on print outs. Confocal image acquisition was performed with a Leica SP8 microscope using LAS X 3.1.1.15751. Nansocopy image acquisition was performed on an Abberior STED microscope using Imspector 0.12.9862 -0.14.13919. FIB-SEM image acquisition was performed with Atlas 5 software. Segmentation and 3D reconstruction of the FIB-SEM data set was done by semiautomatic line tracking utilizing the software package IMOD (Version 4.9) (http://bio3d.colorado.edu/imod/). Contour lengths of CMs in FIB-SEM slices were analyzed using Image J/Fiji (version of 2017) and Microsoft Excel 2016.
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The data that support the findings of this study are available from the corresponding author upon reasonable request.
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Sample size
For the immuno-gold analysis, no statistical method was used to determine sample size. Sample size was chosen based on previous experience and standards in the field. For most processes (i.e. early or late assembly, etc.) the localizations of several different proteins were analyzed. We measured at least 100 localization data points for each protein. Increasing the number of data points (to up to 450 data points) did not change the conclusions drawn on 100 data points.
Data exclusions No data were excluded from the analysis.
Replication
All light microscopy experiments were done in triplicate. For immuno-gold EM, at least three individual slices were decorated and analyzed. At least 100 gold particles were assigned to the CM or the IBM for each protein localization reported. All attempts of replication were successful and gave similar results.
Randomization Randomization of the immunolocalization data was not required, as we measured a physical value, i.e. the distance of the gold particle from the IBM, which is not influenced by the observer. Still, a subset of the data sets has been analyzed in a double-blind approach, resulting in the same distribution values.
Blinding
The persons performing sample preparation and EM imaging were unaware of the sample identity. A subset of the data sets has been analyzed in a double-blind approach, resulting in the same distributions as in the non-blinded analysis. All localization data have been documented and are available upon reasonable request.
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